High-speed in-line digital holographic cinematography was used to investigate the diffusion of droplets in locally isotropic turbulence. Droplets of diesel fuel (0.3-0.9mm diameter, specific gravity of 0.85) were injected into a 37x37x37mm 3 sample volume located in the center of a 160-liter tank. The turbulence was generated by 4 spinning grids, located symmetrically in the corners of the tank, and was characterized prior to the experiments. The sample volume was back illuminated with two perpendicular collimated beams of coherent laser light and time series of in-line holograms were recorded with two high-speed digital cameras at 500 frames/sec. Numerical reconstruction generated a time series of high-resolution images of the droplets throughout the sample volume. We developed an algorithm for automatically detecting the droplet trajectories from each view, for matching the two views to obtain the three-dimensional tracks, and for calculating the time history of velocity. We also measured the mean fluid motion using 2-D PIV. The data enabled us to calculate the Lagrangian velocity autocorrelation function.
INTRODUCTION
The objective of this study was to understand and model the dispersion of small fuel droplets in turbulent water flows. It was motivated by a series of puzzling phenomena that we had observed in previous experiments, including rise velocity exhibiting complex dependence on the turbulence level and the Stokes number (Friedman and Katz [1] ).
Taylor's [2] pioneering work on turbulent dispersion showed that diffusivity of a "fluid point" could be calculated Droplets and particles do not follow the surrounding fluid so that their diffusion differs from that of the fluid points. Csanady [3] surmised that the theory of Taylor remained valid but velocity fluctuations were those of particles, i.e. ) ( ) ( ) (
(2) Assuming a Fickian diffusion process, the dispersion coefficient may be estimated from
At large τ this relationship reduces to
p is the Lagrangian autocorrelation time of the fluctuating particle velocities in the i-th direction.
Snyder & Lumley`s [4] landmark experiments provided comprehensive direct measurements of the particle and fluid autocorrelation function, using hollow glass spheres for the fluid, and particles with different densities and diameters. They showed that the magnitude of ℜ ii decreased and its decay rate increased with the particle density. They also showed that prediction of diffusion by assuming that dispersion of particles is proportional to the concentration gradient is fundamentally incorrect.
Following the recent analysis of Cushman & Moroni [5] , dispersion may be represented in terms of a generalized, wavevector and frequency dependent, dispersion tensor, D(y,τ), where y is the distance, which enables the theory to accommodate various processes, including Fickian, convolution-Fickian, as well fractional-Fickian fluxes. As outlined by Moroni & Cushman [5] , the generalized dispersion tensor could be extracted by analyzing the evolution of the socalled self-part of the intermediate scattering function: (4) where k is the wavenumber vector, X is the particle trajectory. If the Lagrangian trajectories were known over a suitable time interval, then the generalized dispersion tensor could be obtained by analyzing the evolution of G . As further discussed below, we propose to apply this analysis, as well as the classical Fickian approach. At large times, one would expect that the particle dispersion can be represented as a Fickian process, but in short times it may not. As Taylor's [2] and Cushman and Moroni [5] work indicated, direct measurement of droplet dispersion requires data on the time history of the velocity along the 3-D trajectory of the droplets. In this paper we introduce a technique for measuring the 3-D Trajectories of droplets using high-speed digital holographic cinematography. The time history of droplet is integrated to calculate the correlation function, which provides the diffusion coefficient (Eq. (3)). As expected the vertical diffusion differs from the horizontal diffusion. 
EXPERIENIMTAL SETUP
The facility shown in fig 1 generated nearly isotropic turbulent flow by using four symmetrically located rotating grids. Each grid had a 40% blockage factor and they were attached to motors powered by variable frequency static inverters. The frequency of inverters could be adjusted to vary turbulence levels. Detail's of the facility are provided in Friedman et al. [1] . They showed that the anisotropy in the Rms velocities in three perpendicular directions was less than 1%,
Fig. 1 Isotropic Turbulence Generating Facility
Max Mean velocity in x direction (cm/sec) confirmed by spectral analysis. The current experiments were performed at a mixer velocity of 300 rpm and relevant parameters for this speed are shown in table 1.0. The injected droplets were research grade diesel fuel, LSRD-4, purchased from Specified Fuels and Chemicals of Channel-view, Texas.
Mean flow measurement
The mean flow in the x-y plane of the tank was measured using PIV. The optical setup is shown in the fig 2. The light source was a New Wave Research Nd-YAG laser and the pulse delay was 4 ms. For tracers we used 7-10 µm glass beads and the images were acquired using a Kodak ES 2k x 2k digital cameras with a 105mm lens. 1200 vector maps were added to obtain the mean flow. The mean flow was measured in steps of 2mm across the entire region. As of today we acquired data in x z y x-y plane, and will record a similar set in the y-z plane in the near future. Digital images were processed by enhancing them with modified histogram equalization and velocity vector maps were determined using cross correlation. Details of this procedure are available in Roth and Katz [6] . The uncertainty in instantaneous velocity is about 2%. 
Droplets tracks measurement
Our objectives required measurements of the time history of the 3D trajectory and velocity distribution around an "erratically" moving target. Holographic particle image velocimetry is the only technique to-date that can measure 3-D instantaneous velocity distribution over a sample volume with an extended depth (Barnhart et al. [7] , Malkiel et al. [8] , Zhang et al. [9] , Pu and Meng [10] , Tao et al. [11] , Sheng et al. [12] ) The optical setup is shown in fig 3. We recorded two perpendicular holograms in order to maintain the same spatial resolution in all the directions. The Light source was a Q switched Nd:Ylf diode pumped laser. The laser beam was passed through a spatial filter, a collimating lens and a beam splitter before illuminating the sample volume from two perpendicular directions. The lenses marked as L1 and L2 demagnified the beam by a 2.2:1 ratio. The images were acquired by two Photron 1k x 1k cameras with a pixel resolution of 17-µm and maximum speed of 2000 frames/sec.
The images were reconstructed numerically using the Fresnel approximation by convolving the intensity distribution with a source function. Detail's of the procedure are available in Malkiel et al [13] . To maintain a uniform background we divided the image by the background image. We first tracked the 2-D projection of tracks separately and then matched them to obtain 3-D coordinates of the droplets. Droplet spatial location was measured by An automated code was developed to track the droplets based on these criteria. The 2-D tracks were matched by finding the one with the least square difference between the common axis (vertical). Cross correlation analysis was then used for determining the velocity. The velocity time series was low pass filtered to remove high frequency jitter. The mean velocity calculated using PIV was subtracted from each instantaneous velocity to obtain time history of droplet velocity fluctuations. Fig 4 shows sections of the reconstructed image with the two orthogonal views next to each other, indicating the matched droplets. We can also see some seed particles in the background as indicated by arrows. see that the vertical diffusion is greater than the horizontal diffusion. Though we don't have other droplet simulations or experiments to compare with, it agrees with the trends of the Lagrangian simulations performed by Reeks [14] and the DNS by Squires and Eaton [15] , both of which were performed for solid particles. They explained this trend by the effect of "crossing trajectories" (a particle falling from one eddy to another), which decreased the diffusion in the direction perpendicular to gravity to a greater extent, compared to vertical direction. Friedman et al. [1] had shown that crossing trajectories is possible for droplets even though their density is less than water. Since we do not have the mean flow in z direction the analysis mentioned in Cushman and Moroni [5] was not performed yet, as it required 3-D velocity information.
RESULTS AND DISCUSSION

CONCLUSIONS
High-speed inline digital holographic cinematography was used to investigate droplet diffusion in a 3-D sample volume. Two orthogonal views enabled us to maintain high resolution over the entire sample volume. An automated code was developed to track the droplets and calculate the time history of velocity, which was used to calculate Lagrangian autocorrelation function. The presently observed effects of gravity agree with those calculated in previous studies.
We intend to obtain extensive database for various droplet sizes, turbulence levels and specific gravity. A larger database will enable us to extend the time that carries all relevant scales.
